The three-level diode-clamped multilevel converter commonly called the neutral-point-clamped converter has become established to be a preferred topology for high-power motor drive applications operating at several kilovolts. Although solutions to the problem of maintaining a stable neutral-point voltage in the converter continue to be the topic of research, a simple solution based on a design-oriented dynamic model of the system is not widely known. This paper presents the design, analysis, and implementation of a simple neutral-point voltage regulator for a three-level diode-clamped multilevel inverter, which uses a multiple-carrier sine-triangle modulator in conjunction with a closed-loop controller for neutral-point regulation. Redundant state choices are controlled via a continuous offset voltage that regulates the dc injection into the midpoint of the dc bus. A small-signal transfer function is developed in closed form, for neutral-point regulation, with the voltage offset as the control variable. Besides maintaining dc-bus voltage balance, the use of the approach leads to a significant reduction in the voltage distortion at the neutral point, allowing a definitive reduction in the required dc bus capacitance. Analytical, computer simulation, and experimental results verifying the approach are presented in this paper.
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I. INTRODUCTION
T HREE-LEVEL or neutral-point-clamped converters are seeing widespread application in large industrial drive systems [1] , [2] . Several carrier-based and space-vector-based strategies have been proposed for the modulation of these converters [3] , [4] . However, these strategies by themselves only concern themselves with output voltage waveform synthesis and require a post facto algorithm to manage the dc-bus power balance among the three-level dc. In general, they result in significant third-harmonic injection into the neutral point of the converter, which causes an increase in the required dc-link capacitance of the converter. control strategies have been proposed for the reduction of the harmonic content [5] , [6] , a closed-loop control strategy, which reduces the harmonic content as well as regulates the neutral point from parasitic asymmetries like device voltage drops, is presented in this paper. The closed-loop regulator is based on controlling the neutral-point current injection as a function of a control input that corrects any existing imbalance. To assist the design of a stable regulator, small-signal transfer function models are necessary. Although extensive modeling has previously been carried out to predict the steady-state switching frequency effects of various modulators [7] , [8] , low-frequency dynamic models are not readily available for this purpose. This paper focuses on developing design-oriented models for use in the design of closed-loop compensators for multiple-carrier modulators, and loop stability is analyzed for low-frequency effects. A detailed simulation of a three-level inverter shows the operation of the closed-loop regulator for multiple-carrier modulation methods, and these results are verified using a hardware prototype. The partitioning of three-level inverter controller functions into output voltage synthesis and dc bus balance is described in Section II. Section III presents the relationships between the neutral-point current injection and the voltage offset provided to the three references. In Section IV, the small-signal model for the controller is derived. Simulation results verifying the performance of the regulator and hardware results from a prototype three-level converter are included in Section V, followed by conclusions.
II. CLOSED-LOOP NEUTRAL-POINT REGULATOR
A simplified schematic of the three-level neutral-pointclamped inverter is illustrated in Fig. 1 . Fig. 2 shows a controller block diagram for a stacked multilevel inverter system where the major components of the system can be identified. The switching matrix H(t) defines the input-output relationships between the various voltage levels of the dc stack to the three-phase currents. The load is modeled as resistive element in series with a filter inductor that yields sinusoidal output currents. The output voltages V o (t) and the stack voltages Together, these are used to compute the individual elements of the switching matrix H(t), which directly relate to the switch gating signals of the converter, as described in detail in [6] .
The reciprocal properties of the switching matrix H(t) of the multilevel converter connect the pole voltages and pole currents to the stack voltages and stack currents, which may be mathematically expressed as
where
are the pole voltages
are the sinusoidal output currents
are the dc stack voltages
are the dc stack currents, and
is the switching function matrix that connects the output ac poles to the various dc stack levels. When the repetition frequency of the switching function is much larger than the power frequency of the desired ac output voltages, net power transfer between the dc voltages and the ac currents arises from the slowly varying average value of the switching functions. The average value of the switching functions may be readily represented by their time-varying duty ratio functions of the particular throw. The power transfer relationships of (1) may be approximated by
and
where the elements m ij of the modulation matrix M (t) may be determined by computing the averaged duty ratio of the elements of the matrix H(t). The averaging approximation used is an extension of multifrequency averaging used for dc-dc converters [9] 
with T being the switching period. The generation of the modulating functions m ij (·) from a set of reference voltage waveforms for the output voltage is performed using various modulation schemes. The use of multiple-carrier modulation schemes for synthesizing output voltage waveforms for these converters is well known [5] , [6] . A representation of the carrier waveforms and the modulating signal for one of the three phases is illustrated in Fig. 3 . It may be noticed that a voltage offset is added to the desired sinusoidal reference voltage, which plays the key role in regulating the neutral-point voltage. Thus, the reference voltages may be described by Thus, the modulating functions are a function of modulation index m, time t, and the offset voltage V off . To obtain the dc stack current injection, (7) and (8) may be combined as
Furthermore, if T f is the period of the fundamental output voltage waveform, the average stack injection may be expressed as
By normalizing the period T f to 2π, which is the equivalent of normalizing the angular frequency ω to unity, the angle variable becomes θ.
The dc current injection obtained from the reciprocity equation can be integrated over fundamental period to compute the average current sourced from a given stack, i.e.,
As the lowest harmonic component is the third harmonic and all harmonics are triple, integrating over 2π/3 is sufficient, i.e.,
The design of the regulator follows two sequential steps. First, the input-output relationship between the V off and the dc stack current injection as a function of operating conditions such as modulation level, output current, and power factor is determined by applying the generalized multilevel switching function model to three-level converters. This nonlinear function is then linearized at the steady-state operating condition and used for developing a controller for the stack voltages. These developments are described in the following sections.
III. MODELING DC STACK CURRENT INJECTION FOR THREE-LEVEL CONVERTERS
Multiple-carrier modulation technique for a three-level converter consists of two triangular waveforms with identical peak-peak values as illustrated in Fig. 3 . The peak-peak value of each carrier waveform is one. The waveforms divide the vertical space into two zones (z 1 , z −1 ), each one corresponding to a distinct throw of the single-pole multiple-throw switch. The throws of the switch are operated such that when the modulating function of the particular phase is in a particular zone, the throw corresponding to that zone is turned on.
The modulation technique described previously may be modeled mathematically to the extent that the modulation functions for each throw of the switch can be determined from the value of the desired output voltage reference waveform. For this purpose, the interval [1, −1] is divided into two windows. The windows are labeled (W 1/0 , W 0/−1 ). A membership function for the modulating signal corresponding to each window can be defined as being unity when the signal occupies that window and zero otherwise.
For scalar modulation, the throw functions for a given phase depend entirely on the phase reference itself. The window functions that comprise the expression for the throw functions are dependent on just one phase reference also. The window func- 
Similarly
When the modulator is not saturated, the modulating signals V . For each phase, the membership function corresponding to one window will be unity and every other one zero. An example of the windows, modulating signal, and its membership function for a three-converter phase is illustrated in the lower two traces of Fig. 3 .
Using this definition of the window membership function, the averaged duty ratio matrix for a three-phase three-level converter can be expressed as (17), shown at the bottom of the page. Substituting into (14), the average neutral-point current can be expressed in (18)
The integral (18) contains three symmetric terms. If a process for evaluating one term is demonstrated, it can then be expanded to include the contributions of the other two terms in the expression. The first term, which is the contribution due to the a phase, can be expressed as
As the window functions are binary in nature, they can be reduced to limits for the integral evaluation as
It can be observed that when the offset voltage is zero, β equals π/2, which is expected for a cosine reference. If the phase currents are expressed as in (4) and the contributions from the other two phases included, the average neutral-point current can be shown to be
with β defined in (20) . Note that the neutral-point current is identically equal to zero when the offset voltage is set to zero. This corresponds to the normal open-loop operation. This development shows that using a neutral-point regulator that adds an offset term to all three references influences the window membership functions and hence the limits on the integrals in (18). If the references are balanced sinusoids, these limits will correspond to fixed angles; however, when the offset is added to the references, these limits will be a function of both the reference sinusoid as well as the offset term. Having developed the neutral-point current injection as a function of the operating conditions and the control input V off , the regulator design may be developed as described in the following section.
IV. REGULATOR DESIGN
A schematic representation of the neutral-point regulator including the section of the dc-link elements of the multilevel inverter is highlighted in Fig. 4 . From the equivalent circuit, the dynamics of the voltage imbalance
as described in (21). The small-signal behavior of this system with respect to the control input being the sharing function may be characterized as follows:
From (22) and (25), it is clear that the small-signal dynamics of the neutral-point voltage are represented by an integrator whose gain depends on the partial derivatives expressed by (25) with respect to the offset voltage. Thus, the system will have zero steady-state error dynamics using only a proportional controller with gain K p as shown in Fig. 5 . It is seen that the forward gain is dependent on the magnitude and phase of the reference vector, and the sign is dependent on the power factor. Thus, a priori knowledge of the power delivery mode (motoring or regenerating) is required to design a stable compensator. The TABLE I  PARAMETERS FOR PROTOTYPE THREE-LEVEL INVERTER SYSTEM closed-loop transfer function between the command voltage and actual imbalance may be expressed as
The closed-loop system transfer function is that of a lowpass filter with a bandwidth controlled by the gain K p . Clearly, the bandwidth of the neutral-point regulator can be improved by increasing the proportional gain of the compensator. If the value of gain K p is increased to be large enough such that the bandwidth is greater than the third-harmonic frequency (typically 180 Hz), the neutral-point regulator will be capable of decreasing the third-harmonic voltage ripple. This serves as the guideline for selecting the value of K p . If the current phase angle and amplitude are known, the compensator gain can be dynamically scheduled to compensate for the variations in the system forward gain, thus ensuring a uniform bandwidth of about 200 Hz under various operating conditions. This nominal bandwidth was chosen in the illustrative example system described in the following section.
V. SIMULATION AND HARDWARE RESULTS
A MATLAB Simulink [10] model of a three-level converter using multiple-carrier modulation was developed and operated in inverter mode. The operating parameters are shown in Table I . Extensive simulations were conducted to verify the performance of the regulator and the inverter system at a wide variety of operating conditions. Selected waveforms from the computer simulation are illustrated in Fig. 6 , which shows the upper and lower bus voltages and the zero neutral-point current injection, with and without a neutral-point regulator. The control waveform V off can be interpreted from this plot as a signal proportional to the difference between the upper and lower dc buses. The superior performance of the system using the closed-loop neutral-point regulator is readily evident from the figure. A hardware prototype was built to verify the analysis and simulation results obtained using the closed-loop neutral-point regulator. The prototype used nine dual insulated gate bipolar transistor (IGBT) devices and unlytic capacitors interconnected with laminated bus planes to create a three-phase three-level inverter power platform. The control algorithm has been implemented on a general-purpose real-time control prototyping platform. This platform is based on a TI TMS320C31 Digital Signal Processor and a Xilinx Spartan series Field Programmable Gate Array for software and logic-based algorithm implementation. Key operating waveforms from the hardware prototype, i.e., pole a-pole c voltage, load line-line voltage, etc., are shown in Fig. 7 .
The analytically derived small-signal model of the offsetbased neutral-point regulator was verified by using a closedloop frequency response analyzer [11] . This instrument is used to inject a small disturbance into the error signal of the neutral-point regulator while the closed loop is operational. By measuring the response of the neutral-point regulator to the injected disturbance, the loop gain of the system can be measured directly. The predicted results from the mathematically derived small-signal model of Fig. 5 show excellent match with the actual measurements as seen in Fig. 8 .
The loop gain figures show that for the given system parameters, the regulator exhibits a finite nonzero gain even out to the third-harmonic frequency. Thus, the regulator action reduces the neutral-point current ripple at the third harmonic as seen from the current measurements shown in Fig. 9(a) . The spectral plot of neutral-point current shown in Fig. 10 confirms the activity of the neutral-point regulator at the third harmonic as significant attenuation is seen. This action also reduces the ensuing neutral-point voltage ripple as seen in Fig. 11 , which shows the measured upper dc bus waveform (ac coupled) along with the offset command with and without the closed-loop neutral-point voltage regulator.
VI. CONCLUSION
This paper has presented a neutral-point voltage regulator for a three-level diode-clamped multilevel converter, which uses a multiple-carrier modulator in conjunction with a voltage-offsetbased neutral-point balance controller. This combined control approach does not compromise the output voltage synthesis function while maintaining tight regulation of the neutral-point voltage even with a small dc-link capacitance. A voltage offset added to all three-phase references is used as a control handle to vary the ratio of distribution of duty cycles of redundant. Closed-form expressions are presented for the neutral-point current injection as a function of the modulation index, the power factor, and the offset voltage. By analyzing small-signal models for the neutral-point voltage developed using these closed-form expressions, a closed-loop neutral-point compensator has been designed that provides excellent performance and stability. A detailed computer simulation of a three-level inverter with very modest dc bus capacitance is implemented in MATLAB Simulink, and the neutral-point voltage waveforms have been presented. Measured waveforms from a three-level hardware prototype show very close correlation to analytic and simulation results. Very close match is seen between predicted and measured loop gains for the neutral-point compensator. A significant improvement is seen in the voltage distortion at the neutral point when the regulator is used, and this leads to a definitive reduction in the required dc-bus capacitance. The prototype converter utilized a value of 90 µF of film capacitance, whereas use of 1000 s of µF is most common in the state of the art. The proposed strategy has been extended to space-vector PWM strategies producing effective neutralpoint regulators, and these results will be presented in a future publication. The novel concept of controlling the neutral-point injection via a continuous voltage offset, and then developing small-signal models for closed-loop regulators with this sharing function as the control variable, can also be applied to regulate other system quantities such as the speed of the drive motor, dc bus voltage in the case of rectifier mode of operation, etc. Detailed analytical development and experimental results verifying the performance have been presented in this paper. 
